Carbon Dioxide-Based BI -LEVEL CPAP Control 

Cross-Reference to Related Applications 

[0001] This patent application is related to provisional 
application serial no. 60/236,123, titled w Carbon Dioxide- 
Based Bi-Level CPAP Control/' which is hereby fully 
incorporated by reference. 

Field of the Invention 

[0002] The invention relates generally to the 
administration of constant positive airway pressure (CPAP) 
to treat obstructive sleep apnea, and more particularly, to 
methods and apparatuses for administering a higher CPAP 
upon inhalation and a lower CPAP upon exhalation. 

Background of the Invention 

[0003] Obstructive sleep apnea is an airway breathing 
disorder caused by relaxation of the muscles of the upper 
airway to the point where the upper airway collapses or 
becomes obstructed by these same muscles. It is known that 
obstructive sleep apnea can be treated through the 
application of pressurized air to the nasal passages of a 
patient. The application of pressurized air forms a 
pneumatic splint in the upper airway of the patient thereby 
preventing the collapse or obstruction thereof. 

[0004] Within the treatment of obstructive sleep apnea, 
there are several known CPAP regimens including, for 
example, mono- level CPAP and bi- level CPAP. Mono- level 
CPAP involves the constant application of a single 
therapeutic CPAP level. That is, through the entire 
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breathing cycle, a single therapeutic positive air pressure 
is delivered to the patient. While such a regimen is 
successful in treating obstructive sleep apnea, some 
patients experience discomfort when exhaling because of the 
level of positive air pressure being delivered to their 
airways during exhalation. 

[0005] In response to this discomfort, bi-level CPAP 
regimens were developed. Bi-level CPAP involves delivering 
a higher therapeutic CPAP during inhalation and a lower 
therapeutic CPAP during exhalation. The higher therapeutic 
CPAP level is commonly known as inspiratory positive airway 
pressure or "IPAP." The lower therapeutic CPAP level is 
commonly known as expiratory positive airway pressure or 
"EPAP." Since the EPAP is lower than the IPAP, the patient 
needs to do less work during exhalation to exhale and thus 
experiences less discomfort, compared to the mono- level 
CPAP regimen. 

[0006] However, the development of bi-level CPAP 
significantly increased the sophistication of CPAP devices 
because the devices must accurately determine when the 
patient is inhaling and exhaling and to properly coordinate 
the IPAP and EPAP levels thereto. One approach is to 
determine the instantaneous and average flow rates of air 
being delivered to the patient and then to compare the two 
to determine whether a patient was inhaling or exhaling. 
If the instantaneous flow rate is greater than the average 
flow rate, the patient is deemed to be inhaling. If the 
instantaneous flow rate is less than the average flow rate, 
the patient is deemed to be exhaling. However, using the 
instantaneous and average flow rates of the air being 
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delivered to the patient has several disadvantages 
including accuracy and response time. In this regard, the 
flow of air is generally turbulent and therefore difficult 
to measure accurately. Additionally, leakages caused by 
loose fitting patient breathing interfaces such as, for 
example, nasal and mouth masks, contribute to the 
difficulty of determining accurate air flow rates. Closely 
connected thereto, the turbulent flow and difficulty of 
accurate measurement necessarily cause a slow response time 
in changing between IPAP and EPAP levels. Hence, a bi- 
level CPAP device that does not suffer from these 
deficiencies is highly desirable. 

yg Summary of the Invention 

y [ [0007] According to one embodiment of the present 

fll invention, a carbon-dioxide sensor is used to determine 

jr;' : whether a patient undergoing bi- level CPAP treatment for 

obstructive sleep apnea is inhaling or exhaling. The 
yn carbon-dioxide sensor uses infrared light to determine the 

H presence or absence of carbon-dioxide in a patient 

CI breathing interface such as, for example, a nasal and mouth 

mask, worn by the patient. In this regard, the carbon- 
dioxide sensor includes, for example, an infrared light 
emitter and detector separated by an air gap.. Patient 
exhalation results in carbon-dioxide being present in the 
air gap. This causes less infrared light to be transmitted 
to the detector due to the carbon-dioxide absorbing a 
portion of the infrared light. Conversely, patient 

inhalation results in little or no carbon-dioxide being 
present in the air gap. This causes more infrared light to 
be transmitted to the detector because there is little or 
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no carbon-dioxide present to absorb the infrared light. 
Through such detection, the logic of the present invention 
coordinates the IPAP and EPAP levels to provide the patient 
with a comfortable bi -level CPAP regimen. 

[0008] In a first embodiment, the level of carbon- 
dioxide is monitored to determine whether it is above or 
below a threshold parameter or value. If the level of 
carbon dioxide is above the threshold, the patient is 
exhaling and an EPAP level is provided. If the level of 
carbon-dioxide is below the threshold, the patient is 
inhaling and an IPAP level is provided to the patient. 
Hence, the same threshold is used once to trigger EPAP and 
again to trigger IPAP. 

[0009] In a second embodiment, monostable timer control 
is used to trigger the EPAP and IPAP. In this regard, the 
monostable timer is trigger to its fixed duration on state 
when the level of carbon-dioxide is decreasing and falls 
below a threshold parameter or value. Once this happens, 
the patient is inhaling and an IPAP level is provided. 
Upon expiration of the monostable timer's fixed duration on 
state, patient exhalation is assumed and an EPAP level is 
provided until the monostable timer is once again 
triggered. 

[0010] It is therefore an object of the present 
invention to provide a system and method of providing a 
higher positive airway pressure breathing gas during 
patient inhalation and a lower positive airway pressure 
breathing gas during patient exhalation. 
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Brief Description of the Drawings 

[0011] In the accompanying drawings which are 
incorporated in and constitute a part of the specification, 
embodiments of the invention are illustrated, which, 
together with a general description of the invention given 
above, and the detailed description given below, serve to 
example the principles of this invention. 

[0012] Figure 1 is a functional block diagram of a 
system of the present invention having a carbon-dioxide 
sensor integral with a nasal mask. 

[0013] Figure 2 is a functional block diagram of a 
system of the present invention having a carbon-dioxide 
sensor external to a nasal mask. 

[0014] Figure 3 is a functional block diagram of a 
system of the present invention having a carbon-dioxide 
sensor external to a nasal mask and indirectly connected 
thereto . 

[0015] Figure 4 is a functional block diagram of a 
system of the present invention having a carbon-dioxide 
sensor that is connected to a nasal mask with optical 
fibers . 

[0016] Figure 5 is a flow chart of the bi-level CPAP 
logic of the present invention. 

[0017] Figure 6 is a schematic diagram of a comparator 
circuit of the present invention. 

[0018] Figure 7 illustrates graphs of the input and 
output signals of the comparator circuit of Figure 5. 
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[0019] Figure 8 illustrates a monostable timer control 
embodiment of the present invention. 

[0020] Figure 9 is a flowchart of the monostable timer 
control logic of the present invention. 

Detailed Description of Illustrated Embodiment 

[0021] Illustrated in Figure 1 is a first bi-level CPAP 
system 100 of the present invention. The system has a bi- 
level CPAP apparatus 101 and a patient breathing interface 
114. The bi-level CPAP apparatus 101 has a micro- 
controller 102 with associated bi-level CPAP logic 104. 
The micro-controller 102 interfaces with a plurality of 
components including input/output devices 110, analog-to- 
digital converter (ADC) 132 , and blower driver 106. 
Input/Output devices 110 include, for example, controls 
that allow a clinician or doctor to set the IPAP and EPAP 
levels in micro-controller 102 and in bi-level CPAP logic 
104. Blower driver 106 interfaces with and drives blower 
108 through a range of variable speeds that result in a 
range of variable air pressures that define the IPAP and 
EPAP levels. The blower 108 preferably has a motor and a 
fan and is driven by a pulse-width modulated (PWM) signal 
wherein the pulse width or duty cycle defines the variable 
speed and pressure of the blower. Alternatively, an 
adjustable valve can be used to vary the bi-level CPAP 
pressure between IPAP and CPAP levels such as described in 
US Patent No. 5,433,193, which is hereby fully incorporated 
by reference . 

[0022] System 100 also includes a patient breathing 
interface 114, such as a mask, that is worn by a patient 
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that is to receive bi-level CPAP therapy. Patient 
breathing interface 114 is connected to blower 108 through 
supply tubing 112, which supplies the IPAP and EPAP levels 
to the patient from the CPAP apparatus 101. In the present 
embodiment, patient breathing interface 114 has a carbon- 
dioxide sensor 116 integral therewith for detecting the 
presence of carbon-dioxide in the mask. 

[0023] Carbon-dioxide sensor 116 preferably includes an 
infrared light emitter 118 and an infrared light detector 
124. Infrared light emitter 118 is preferably an 

incandescent light source emitting light in the infrared 
frequency range. However, infrared light emitting diodes 
can also be employed. Infrared light detector 124 is of 
conventional design. Infrared light emitter 118 is 

separated from infrared light detector 124 by an air gap 
such that infrared light 122 emitted from emitter 118 is 
directed across the air gap and towards detector 124. 

[0024] In this regard, it is known that carbon-dioxide 
absorbs light in the infrared energy spectrum. See, for 
example, US Patent No. 4,648,3 96 to Raemer, which is hereby 
fully incorporated by reference. Hence, when a gas having 
carbon-dioxide is present in the air gap between infrared 
light emitter 118 and detector 124, less infrared light is 
transmitted to detector 124 than if no carbon-dioxide was 
present in the air gap. This is indicated by the output 
(i.e., signal 128) of detector 124 falling to a level 
indicative of the amount of infrared light that is not 
being absorbed by the carbon-dioxide. In this manner, 
carbon-dioxide sensor 116 senses the amount of carbon- 
dioxide present . 
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[0025] Carbon-dioxide sensor 116 further includes an 
input port 12 0 and in output port 12 6. Input port 12 0 
allows gases present in patient breathing interface 114 to 
pass into carbon-dioxide sensor 116 and between the air gap 
separating infrared light emitter 118 and detector 124 for 
carbon-dioxide detection. Output port 12 6 allows venting 
of the gases in carbon-dioxide sensor 116 to the outside 
atmosphere. Configured as such, carbon-dioxide sensor 116 
also performs a venting function provided for by most 
conventional patient breathing interfaces. 

[0026] As shown in Figure 1, bi- level CPAP apparatus 101 
is in circuit communication with infrared light emitter 118 
and detector 124. More particularly, micro-controller 102 
drives infrared light emitter 118 on and off through signal 
line 13 0 and conventional drive circuitry (not shown) . 
Micro-controller 102 also reads the output of infrared 
light detector 124 through signal line 128 and ADC 132. In 
this manner, micro-controller 102 controls carbon-dioxide 
sensor 116 and reads its output signal to thereby determine 
the presence or absence of carbon-dioxide in patient 
breathing interface 114. As will be described in more 
detail in connection with the logic of Figure 4, the 
presence of carbon-dioxide indicates that a wearer of 
patient breathing interface 114 is exhaling and the absence 
of carbon-dioxide indicates that the wearer is inhaling. 
By knowing when the patient is inhaling and exhaling, 
micro-controller 102 and bi-level CPAP logic 104 can vary 
the air pressure delivered by blower 108 to the proper IPAP 
and EPAP levels set by the clinician or doctor. 
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[0027] Figure 2 illustrates a bi-level CPAP system 200 
that is similar system 100 of Figure 1, except that carbon- 
dioxide sensor 116 is external to the patient breathing 
interface 114. In system 200, carbon-dioxide sensor 116 
has a housing 2 02 that is connected to patient breathing 
interface 114 through tubing 204. Tubing 204 functions as 
the input port to carbon-dioxide sensor 116 by delivering 
gases thereto from patient breathing interface 114. 
Housing 2 02 also includes an output port 206 that allows 
venting of the gases in carbon-dioxide sensor 116 to the 
outside atmosphere. 

[0028] Figure 3 illustrates a bi-level CPAP system 300 
that is similar to system 200 of Figure 2, except that 
carbon-dioxide sensor 116 is not directly connected to 
patient breathing interface 114. Rather, carbon-dioxide 
detector 116 is indirectly connected to patient breathing 
interface 114 via sensor tubing 302 and supply bubing 112. 
In all other aspects, systems 200 and 300 are similar to 
system 100 of Figure 1. 

[0029] Illustrated in Figure 4 is a system 400 of the 
present invention that employs optical fibers to carry 
infrared light to and from patient breathing interface 114. 
In particular, carbon-dioxide sensor 116 is external to 
patient breathing interface 114 and preferably located 
within bi-level CPAP apparatus 101. A plurality of optical 
fibers carry infrared light from infrared light emitter 118 
to patient breathing interface 114 and back to infrared 
light detector 124. Within patient breathing interface 
114, optical fibers 402 and 404 are terminated such that 
infrared light exiting optical fiber 402 is ultimately 
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directed across an air gap and to optical fiber 4 04 for 
return to infrared light detector 124. The fiber optic 
terminations and air gap are preferably disposed across one 
or more of the venting mechanisms (i.e., one or more holes 
or vents) of patient breathing interface 114. In this 
regard, exhaled gases that are normally vented through such 
mechanisms can be monitored by carbon-dioxide sensor 116. 
It should also be noted in Figure 4 that optical fibers 402 
and 4 04 can be connected in a similar manner to supply tube 
112 rather patient breathing interface 114. Configured as 
such, system 400 is particularly advantageous because it 
does not require the use of additional tubing and allows 
the carbon-dioxide sensor 116 to be housed with bi-level 
CPAP apparatus 101. 

[0030] Referring now to Figure 5, a flowchart 
illustrating the bi-level CPAP logic 104 of the present 
invention is shown. The bi-level CPAP logic 104 is 
executed by micro-controller 102. The logic starts in step 
502 where micro-controller 102 reads the value of carbon- 
dioxide sensor 116 output signal 128. 

[0031] In step 504, the logic determines if carbon- 
dioxide is present in the patient breathing interface by 
comparing the value of the sensor output signal 12 8 against 
a threshold parameter or value. The threshold parameter or 
value is preferably a carbon-dioxide level within the 
patient breathing interface that is representative of the 
state of exhalation by the patient. If the value of sensor 
output signal 128 is less than the threshold parameter, 
then carbon-dioxide is sufficiently present and, therefore, 
the patient is exhaling. In this scenario, the logic 
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advances to step 506. In step 506, micro-controller 102 
directs blower 108 to reduce its output pressure to EPAP 
level by preferably decreasing the duty cycle of the 
blower's PWM driving signal. After step 506, the logic 
loops back to step 502 and once again reads the value of 
carbon-dioxide sensor 116 output signal 12 8. 

[0032] However, if in step 504 the value of sensor 
output signal 128 is greater than the threshold parameter, 
then carbon-dioxide is deemed to be sufficiently absent 
and, therefore, the patient is inhaling. In this scenario, 
the logic advances to step 508 where the micro-controller 
102 directs blower 108 to increase its output pressure to 
IPAP level by preferably increasing the duty cycle of the 
blower's PWM driving signal. After step 508, the logic 
loops back to step 502 and once gain reads the carbon- 
dioxide sensor 116 output signal 128 to determine the 
appropriate CPAP level (i.e., IPAP or EPAP). In this 
manner, micro-controller 102 reads carbon-dioxide sensor 
116 to determine the presence and absence of carbon-dioxide 
and to properly coordinate the IPAP and EPAP levels with 
the patient's inspiratory and expiratory cycles. 

[0033] Referring now to Figure 6, an analog comparator 

circuit 600 is shown that can be used as an alternative to 
ADC 132. The circuit 600 preferably includes an 

operational amplifier 602 that receives sensor output 
signal 12 8 at its positive input terminal and a reference 
or threshold voltage signal 6 04 at its negative input 
terminal. The output 606 of operational amplifier 602 is 
preferably connected to micro-controller 102 or other CPAP 
control circuitry. 
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[0034] As shown in graphs 700 and 702 of Figure 7, 
whenever sensor output signal 12 8 is greater than reference 
or threshold parameter, as represented by voltage signal 
604, comparator 500 output signal 606 preferably increases 
to a positive voltage level. This indicates that carbon- 
dioxide is sufficiently absent so as to signify that the 
patient is inhaling and that blower 108 should provide the 
prescribed IPAP level. Whenever sensor output signal 128 
is less than the reference or threshold parameter 604, 
comparator 600 output signal 606 preferably falls to a 
lower voltage level. This indicates that carbon -dioxide is 
sufficiently present so as to signify that the patient is 
exhaling and that blower 108 should provide the prescribed 
EPAP level. Alternately, threshold parameter 604 can be in 
the form of first and second threshold parameter: one for 
inhalation detection and one for exhalation detection. 
This configuration compensates for potential differences in 
carbon-dioxide inhalation and exhalation thresholds. 

[0035] Referring now to Figure 8, a second embodiment of 
the present invention is illustrated that incorporates a 
monostable timer control to coordinate the IPAP and EPAP 
levels with the patient's breathing cycles. The monostable 
timer control can be implemented in any of the CPAP 
embodiments of Figures 1 through 4 wherein the monostable 
timer control is incorporated into bi-level CPAP logic 104. 

[0036] In this regard, a monostable timer has one stable 
state and one quasi -stable state . For example, a timer 
having a variable off time and a fixed on time, or vice- 
versa, is generally known as a monostable timer. In the 
present embodiment, the variable off time of the monostable 
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timer defines the exhalation state and the fixed on time 
defines the inhalation state. The opposite configuration 
can also be used. The monostable timer of the present 
invention also has a trigger in the form of a carbon- 
dioxide threshold level . 

[0037] Referring now to Figure 8 more particularly, the 
incorporation of a monostable timer control for governing 
the relationship between the level of carbon-dioxide 
associated with the patient breathing apparatus 114 and the 
inhalation and exhalation breathing states is generally 
illustrated at 800. In this regard, a representative 
carbon-dioxide level is shown over several patient 
breathing cycles is indicated by curve 802. As is commonly 
understood, more carbon-oxide is present in the patient 
breathing interface during exhalation than inhalation. 
Also illustrated is a threshold parameter 8 04 that serves 
to trigger the monostable timer of the present embodiment. 
Threshold parameter 804 is preferably defined as a carbon- 
dioxide level seen at the trailing or decreasing portion of 
the carbon-dioxide curve 802. The trigger points 

established by threshold parameter 804 are further 
illustrated by trigger lines 806. Hence, during patient 
exhalation, the level of carbon-dioxide increases over time 
to a certain level in the patient breathing interface or 
associated tubing. Venting by the patient breathing 
interface causes the carbon- dioxide level to begin 
decreasing. However, it is not until patient inhalation 
does the carbon-dioxide level decrease quickly over time so 
as to fall below threshold parameter 8 04 and trigger the 
monostable timer at 806. 
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[0038] In the present embodiment, during patient 
exhalation, the monostable timer is in its off state t Q ff 
and micro-controller 102 directs blower 108 to provide an 
EPAP level to patient breathing interface 114. By 
providing an EPAP level, the patient can more comfortably 
exhale against a lower positive airway pressure. Once the 
carbon-dioxide level 8 02 rises and then falls below 
threshold parameter 804 to trigger the monostable timer at 
806, the monostable timer changes to its on state t on for a 
fixed, predetermined time duration. This fixed, 

predetermined on time duration t on represents patient 
inhalation 810. The fixed, predetermined on time duration 
ton is based on the observation that during sleep most 
patient inhalation cycles have the same, or very nearly the 
same, duration. The monostable timer change of state from 
t 0 ff to ton causes micro-controller 102 to direct blower 108 
to provide an IPAP level to the patient breathing interface 
114 for the duration of time defined by t on . By providing 
an IPAP level, a higher positive airway pressure is 
delivered to the patient during inhalation. Upon 
expiration of the time t on , the monostable timer changes to 
its off state, as represented by lines 808. As described 
above, this causes micro-controller 102 to direct blower 
108 to provide an EPAP level to the patient breathing 
interface 114 because the patient is about to exhale. The 
process is then repeated for the next patient breathing 
cycle . 

[0039] Hence, the monostable timer control of the 
present invention provides a single trigger method for 
coordinating IPAP and EPAP levels with patient inhalation 
and exhalation. The trigger is defined by monitoring the 
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carbon-dioxide level associated with the patient breathing 
interface for a falling level that crosses a predetermined 
threshold- The trigger defines a change in state of the 
monostable timer from an off state to an on state. The off 
state represents patient exhalation and causes the present 
invention to provide an EPAP level. The on state 

represents patient inhalation and causes the present 
invention to provide an IPAP level for a fixed, 
predetermined time duration. Upon expiration of the fixed, 
predetermined time duration, the present invention lowers 
the pressure back to EPAP level for patient exhalation. 
The process is repeated for each patient breathing cycle. 

[0040] Referring now to Figure 9, a flowchart 
illustrating the monostable timer control of bi- level CPAP 
logic 104 is shown. The logic commences in step 902 where 
the carbon-dioxide level associated with the patient 
breathing interface is sensed or monitored via carbon- 
dioxide sensor 116. Initially, the present invention 
provides an EPAP level until triggered. The logic then 
proceeds to step 904 where the sensed carbon-dioxide level 
is tested to determine whether it is increasing or 
decreasing. If the carbon-dioxide level is increasing, 
then the patient is exhaling and the EPAP level will 
continue to be provided. However, if the carbon-dioxide 
level is decreasing, the patient's breathing cycle is then 
starting a transition from exhalation to inhalation and the 
logic proceeds to step 906. 

[0041] In step 906, the logic tests to determine whether 
the decreasing carbon-dioxide level has crossed a threshold 
parameter or value representing the state of patient 
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inhalation. If the decreasing carbon-dioxide level has not 
crossed the threshold parameter, the logic loops back to 
step 902 to once again monitor the carbon-dioxide level. 
However, if the decreasing carbon-dioxide level has fallen 
to or below the threshold, then the logic advances to step 
908 where the monostable timer is triggered to its on 
state. As described above, triggering the monostable timer 
causes an IPAP level to be delivered to the patient 
breathing interface for a fixed, predetermined time 
duration. Upon expiration of the fixed, predetermined time 
duration, the logic advances to step 910 where the 
monostable timer changes to its off state and an EPAP level 
is once again delivered to the patient breathing interface. 
After step 910, the logic loops back to step 902 and the 
process repeats. In this manner, a signal trigger is used 
to provide an IPAP level to a patient for a fixed, 
predetermined time duration for inhalation and an EPAP 
level to the patient for the duration of exhalation. 

[0042] While the present invention has been illustrated 
by the description of embodiments thereof, and while the 
embodiments have been described in considerable detail, it 
is not the intention of application to restrict or in any 
way limit the scope of the appended claims to sxich detail. 
Additional advantages and modifications will readily appear 
to those skilled in the art. For example, the carbon- 
dioxide level can be quantitatively measured and used to 
raise or lower the IPAP or EPAP level in a step-wise 
fashion until obstructive sleep apnea no longer occurs. 
Still further, the carbon-dioxide sensor 116 of the present 
invention can be substituted with a temperature or humidity 
sensor. More specifically, exhalation and inhalation can 
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be distinguished based on the temperature of the inhaled 
and exhaled gases. In this regard, exhaled gases have a 
higher temperature than inhaled gases and the temperature 
sensor would detect such a difference. Exhalation and 
inhalation can also be distinguished based on the water 
content or humidity level of the inhaled and exhaled gases. 
In this regard, exhaled gases have a higher humidity level 
than inhaled gases and the humidity sensor would detect 
such a difference. Still further, the present invention 
can be implemented with a microprocessor controlled system 
or discrete circuit element system. For example, a 
discrete circuit such as, for example, a Schmitt Trigger 
can be used to sense the carbon-dioxide level. Therefore, 
the invention, in its broader aspects, is not limited to 
the specific details, the representative apparatus, and 
illustrative examples shown and described. Accordingly, 
departures may be made from such details without departing 
from the spirit or scope of the applicant's general 
inventive concept . 
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